Accurate quantification of exposures to traffic-related air pollution in near-highway neighborhoods is challenging due to the high degree of spatial and temporal variation of pollutant levels. The objective of this study was to measure air pollutant levels in a near-highway urban area over a wide range of traffic and meteorological conditions using a mobile monitoring platform. The study was performed in a 2.3-km 2 area in Somerville, Massachusetts (USA), near Interstate I-93, a highway that carries 150,000 vehicles per day. The mobile platform was equipped with rapid-response instruments and was driven repeatedly along a 15.4-km route on 55 days between September 2009 and August 2010. Monitoring was performed in 4-6-hour shifts in the morning, afternoon and evening on both weekdays and weekends in winter, spring, summer and fall. Measurements were made of particle number concentration (PNC; 4-3,000 nm), particle size distribution, fine particle mass (PM 2.5 ), particle-bound polycyclic aromatic hydrocarbons (pPAH), black carbon (BC), carbon monoxide (CO), and nitrogen oxides (NO and NO x ). The highest pollutant concentrations were measured within 0-50 m of I-93 with distance-decay gradients varying depending on traffic and meteorology. The most pronounced variations were observed for PNC. Annual median PNC 0-50 m from I-93 was two-fold higher compared to the background area (>1 km from I-93). In general, PNC levels were highest in winter and lowest in summer and fall, higher on weekdays and Saturdays compared to Sundays, and higher during morning rush hour compared to later in the day. Similar spatial and temporal trends were observed for NO, CO and BC, but not for PM 2.5 . Spatial variations in PNC distance-decay gradients were non-uniform largely due to contributions from local street traffic. Hour-to-hour, day-to-day and season-toseason variations in PNC were of the same magnitude as spatial variations. Datasets containing fine-scale temporal and spatial variation of air pollution levels near highways may help to inform exposure assessment efforts.
Introduction
Proximity to major roadways and exposure to motor vehicle exhaust emissions are associated with increased risks of cardiovascular, respiratory and other diseases (Brugge et al., 2007; Gan et al., 2010; Gauderman et al., 2007; Jerrett et al., 2009; Laden et al., 2007; McConnell et al., 2006) . Specific pollutants in vehicle exhaust, including black carbon, polycyclic aromatic hydrocarbons, volatile organic compounds, and particulate matter, have been implicated as possible disease-causing agents; however, accurate exposure assessment, an essential part of establishing causality, is challenging in the near-highway environment due to the high degree of spatial and temporal variation in pollutant levels. This is particularly true for ultrafine particles (UFP; aerodynamic diameter <100 nm), which can be highly elevated in number concentration near roadways depending on spatially-and temporally-variable factors. Because UFP are more toxic per unit mass than particles with larger diameters (Dockery and Stone, 2007; Oberdörster et al., 1995) and can be translocated throughout the body (Choi et al 2010; Kreyling et al., 2006) , there is considerable interest in understanding their possible role in disease causation.
Previous studies have shown that concentrations of UFP (as well as other primary pollutants in vehicular emissions) are elevated near busy roadways but then decrease to background levels within several hundred meters due to dilution and reactions (Karner et al., 2010 and references therein). The factors that impact the magnitude and extent of distance-decay gradients include traffic conditions, wind speed and direction, topography, atmospheric stability, and mixing height (Hagler et al., 2009 (Hagler et al., , 2010 Hitchins et al., 2000; Hu et al., 2009; Zhu et al. 2006) . While these studies, and many others, have made important contributions to our understanding of the extent and causes of spatiotemporal pollutant dynamics near busy roadways, we do not have a complete understanding of the extent to which pollutant distance-decay gradients change over time (e.g., hours, days and seasons) and space in nearroadway neighborhoods.
The goal of this work was to characterize both the spatial and temporal variation of trafficrelated air pollutants in an urban neighborhood near a highway. Our specific objectives were to collect a dataset that reflected the range of spatial and temporal scales of air pollutant variation in the neighborhood over the course of one year, and to determine the major trends in pollutant concentrations. This work was done as part of the Community Assessment of Freeway Exposure and Health (CAFEH) study, a community-based participatory research study of near-highway air pollution and cardiovascular health in Somerville and other communities in and around Boston, Massachusetts (USA). This paper focuses on data collected in Somerville between September 2009 and August 2010. To capture the spatial variation in pollutant levels in Somerville we used a mobile platform that contained rapid response instruments for measuring ultrafine particles as well as fine particle mass (PM 2.5 ), particle-bound polycyclic aromatic hydrocarbons, black carbon, carbon monoxide, nitric oxide and total nitrogen oxides. To capture temporal variation due to differences in meteorology and pollutant source strength, mobile monitoring was performed at different times of the day, on different days of the week, and in different seasons of the year.
Methods

Study Area
Mobile monitoring was performed in a 2.3-km 2 area near Interstate 93 (I-93) in the northeastern part of Somerville (Figure 1 ). I-93 is a 40-m-wide highway with four northbound and four south-bound lanes, and it has an average traffic volume of ~150,000 vehicles per day (vpd; CTPS, 2012). The 2.4-km-long highway section within our study area rises from grade to as high as 5 m above street level and is filled underneath except at underpasses (three in the study area). There is a 3-m-high concrete noise barrier that extends 500 m on the east side of the north-bound lane. The presence of a noise barrier is of importance because these structures can impact pollutant concentrations near highways (Bowker et al., 2007) . Two other major roadways run through the study area at grade: (i) Massachusetts Route 38, a four-lane highway that runs parallel to I-93 with >30,000 vpd; and (ii) Massachusetts Route 28, a six-lane highway that crosses underneath I-93 and carries 50,000 vpd (CTPS, 2012) . The study area is thickly settled (population density = 11,200 km −2 ) and contains many single-two-and three-family houses as well as low-rise apartment buildings. Other than traffic (i.e., on I-93, Rte 28, Rte 38 and local streets) and residential heating, the only known significant sources of air pollution in or near the study area include a natural gas-and oil-fired power plant (Constellation Energy Mystic Station), the bus depot at Sullivan Station, and diesel trains on the commuter rail line (~46 per weekday; 12 per weekend day).. All of these non-traffic sources are located east of the study area (see Figure  1) , and when the winds are out of the west, the predominant wind direction in the region, these sources are downwind of the study area.
Mobile Monitoring
Real-time measurements of air pollutants were made with the Tufts Air Pollution Monitoring Laboratory (TAPL), a mobile platform equipped with fast-response instruments for monitoring gas-and particle-phase pollutants. The TAPL is a converted recreational vehicle (2003 Chevrolet chassis with a Vortec 8.1 V8 gas engine (odometer = 73,000 mi)), which is powered by two, 1.6-kW generators that are exhausted at the rear of the vehicle. The TAPL was driven slowly (5-10 m/s) to allow measurement of local-scale (~20 m) changes in pollutant concentrations. Individual measurements were matched to location by 1-second-interval GPS readings. The monitoring route ( Figure 1 ) was designed to characterize the area in which the health-study participants lived, and consisted of both a near-highway neighborhood <400 m from the highway on either side, and a background neighborhood >1000 m from the west side of I-93 (note: 28% of the study participants lived <100 m from the highway, 50% within 100-400 m and the remainder >1000 m). The circuit around the near-highway neighborhood took ~1 hr to complete and was driven 5 or 6 times on each day of monitoring. Monitoring of the background neighborhood was performed every other circuit of the near-highway neighborhood (i.e., 2 or 3 times per monitoring day).
On days when particle size distribution monitoring was performed, the mobile lab was parked for five minutes at each fixed monitoring location to allow collection of two complete scans of the particle size range. The dates and times of mobile monitoring are shown in Table 1 .
The monitoring equipment in the TAPL is listed in Table 2 . Total particle number concentrations (PNC; 4-3,000 nm) were measured using a condensation particle counter (CPC; Model 3775, TSI Wind speed, wind direction, air temperature and relative humidity were recorded every five minutes at the Hormel Stadium light tower (height ~35 m; wunderground.com), which is 1.6 km north from the study area ( Figure 1 ). Prior to analysis, wind speed was standardized to 3 m above ground level (i.e., the height of the inlet on the TAPL) assuming a power law wind profile with p=0.55. When meteorological data from the Hormel station were not available, data from the Mystic Activity Center (MAC) station were used ( Figure 1 ) (Hemphill Fuller et al., 2012) . Hourly vehicle counts for I-93 (station #8449; located near the southeast corner of Ten Hills on I-93) were provided by the Massachusetts Department of Transportation Highway Division (stakeholder.traffic.com).
Data Quality Assurance
2.3.1 Particle Measurements-The particle inlet manifold was made of stainless steel. All tubing on instrument inlets was either Tygon or conductive-silicon tubing; conductivesilicon tubing was also used to connect the DMA to the CPC to minimize particle loss due to electrostatic deposition. Tubing to the PAS and aethalometer was made of aluminum. The length of the tubing from the manifold to each instrument was minimized to reduce particle loss due to sorption. The CPC was manufacturer-calibrated just prior to the start of the monitoring campaign in September 2009. Side-by-side comparison of the mobile laboratory CPC with an identical unit at the end of the study period resulted in an R 2 of 0.96 with paired measurements differing by <3%. The two CPCs had <10% difference in their measurements for 96.2% of all measurements and <20% difference for 99.7% of all measurements, which was within the instrument specifications. At the start of each monitoring session, the instrument-reported flow rate through the CPC was checked (Defender 510-H, Bios International), and a polyethersulfone membrane filter (rated at 99.96% removal efficiency for 0.45 μm particles) was placed on the inlet to check that the PNC dropped to <100 particles per cm 3 . During monitoring, the CPC was watched for flow rate errors, which were usually caused by butanol in the air lines (flooding). The frequency of flooding was minimized by turning off the autofill setting on the CPC when the TAPL drove on steep hills or >65 kmph (18 m/s) on the highway. When flow rate errors occurred, the instrument was opened and checked for flooding. If butanol was found in the gas lines, they were drained and the CPC was run dry for 24 h to remove residual butanol.
The Sidepak was calibrated by the manufacturer at the start of the monitoring campaign and again in February 2010. Prior to each day of monitoring, a zero calibration was performed with a polyethersulfone membrane filter (same as that used for the CPC zero check). The PAS was also manufacturer-calibrated prior to the start of the monitoring campaign. The external pump on the aethalometer was checked monthly and adjusted as necessary to the no-load pump flow rate of 5.5 Lpm.
Gas
Measurements-The gas inlet manifold was made from Teflon tubing and contained a 0.45-μm Teflon filter. The calibrations of the gas instruments were checked prior to each monitoring session. The CO and NO x monitors were allowed to warm up for at least 90 min prior to calibration. In cold temperatures (<10 °C), the warm-up time was extended to ≥2 hours to ensure stable readings. After the instruments had warmed up, the calibrations were checked with 0 ppm and 1 ppm NO (Airgas) and 0 ppm and 4 ppm CO (Airgas). If the validation showed deviations in excess of ±0.003 ppm NO or ±0.03 ppm CO, a single point calibration of the appropriate monitor was conducted. A calibrator (Model 146, TSI) controlled the flow of calibration gases and generated zero NO gas; the CO monitor internally generated zero CO gas. Halfway through each monitoring session, the zero CO concentration was checked against zero CO gas and the instrument automatically adjusted itself as necessary.
Data Processing and Analysis
Data from all of the instruments was aggregated in MySQL (www.mysql.com) using PHP scripts; post-processing for quality control was performed using Excel VBA macros and by inspection of time-series plots. Data processing consisted of several steps. First, measurements associated with instrument errors, as noted in the daily log, were removed. When CPC flooding was suspected but could not be confirmed by direct observation, confirmation was performed by comparison of TAPL data with CPC measurements made at the MAC site ( Figure 1 ) (Hemphill Fuller et al., 2012) . Next, the timestamps for measurements from each instrument were corrected for the time lag between entry of air into the inlet and the time when concentrations are recorded by the instrument. Lag times were measured as the time for particles and gases introduced at the inlet (i.e., as smoke from a lit match) to be sensed by the instrument ( Table 2 ). The final step was to remove data that reflected self-monitoring of exhaust from the TAPL. Self-monitoring was possible when the TAPL was stopped at traffic lights or in slow-moving traffic, especially if the wind was from behind. Self-monitoring was minimized by locating the gas and particle inlets on the roof of the vehicle near the front of the TAPL, ~5 m horizontally and 2 m vertically from the exhaust tailpipe. Based on experiments conducted at Tufts prior to the start of the monitoring campaign (results not shown), data was excluded when the following three conditions were simultaneously met: (1) the TAPL speed was <5 kmph (1.4 m/s), (2) the wind was coming from behind the TAPL, and (3) the wind speed was greater than the speed of the TAPL. Overall, 14% of the data from each monitoring day was removed due to selfmonitoring; the majority (>90%) of the removed data was collected when the TAPL was stopped at traffic lights. Pollutant spikes due to other vehicles nearby the TAPL, as confirmed by the written daily log, were not removed from the dataset unless the data exclusion rules were violated.
Pollutant concentration maps were generated in ArcGIS 9.3.1 using version-2008 data layers downloaded from MassGIS (2010). To facilitate data interpretation, the mobile monitoring data was divided into bins of varying width oriented parallel to I-93. The study area southwest of I-93 was divided into 7 bins (0-50, 50-100, 100-150, 150-200, 200-350, 350-650 , and 1000-1800 m as measured from the southwest edge of I-93), while the study area northeast of I-93 was divided into 5 bins (0-50, 50-100, 100-150, 150-200, and 200-450 m as measured from the northeast edge of I-93). Box plots of binned data as well as scatter plots of the unbinned data were made using IGOR Pro (Version 5; WaveMetrics, Inc.).
Results and Discussion
Monitoring conditions
Monitoring was performed on a total of 58 different days between September 10, 2009 and August 26, 2010 including 55 mobile-monitoring days (5-6 h each day) and three stationary-monitoring days (during which the TAPL was parked at a single location for 24 hr) ( Table 1) . Mobile monitoring was performed on 18 winter days, 13 spring days, 12 summer days, and 12 fall days. The majority of monitoring was done on weekday mornings (n=29 sessions) to allow characterization of worst-case conditions in terms of traffic volume (rush hour) and atmospheric mixing (the atmosphere is relatively stable near land surfaces in the morning). The least amount of monitoring was done on weekend days after 10:30 (n=4 sessions). Overall, 32% of the mobile monitoring measurements were made within 100 m of I-93, 34% between 100-400 m, 17% between 400-1,000 m and 17% between 1,000-1,800 m of the highway. Traffic data Figure 2 (top panel) show that for each hour of monitoring the traffic volume on I-93 was generally representative of the annual average for that hour. The data in Figure 3 indicate that during monitoring the winds were mostly from the west and west-northwest at between 2 and 8 m/s, reflecting annual patterns. Hourly average wind speed and direction for the years immediately preceding and following the study period were not significantly different compared to the study period (p<0.05 based on a Student's t-test). Monitoring was performed during only four precipitation events. This number is low -there were 147 days of precipitation during the entire study period -in part because monitoring was not performed when the driving conditions were likely to be unsafe (i.e., when there was snow on the roads, during heavy rain storms or when lightning was forecast).
Correlations
A scatter plot matrix of 120-s-averaged pollutant concentrations measured between 05:20 and 10:50 on June 9, 2010 is shown in Figure S1 . The measurements were made during five circuits of the near-highway monitoring route including three of the background area. The non-parametric Spearman correlation ρ 2 was used to test for statistical significance because the pollutant frequency distributions were consistent with being log-normal. The results in Table 3 show that PNC was correlated with NO, NO x and pPAH, NO was correlated with pPAH, and NO x was correlated with CO, NO and NO 2 (ρ 2 > 0.7); the other pollutants had lower correlation values (ρ 2 < 0.7). Westerdahl et al. (2005) reported ρ 2 values as high as 0.9 for markers of diesel emissions (e.g., PNC vs. NO, PNC vs. pPAH, BC vs. pPAH) on busy roadways in Los Angeles. Our lower values here likely reflect both the smaller fraction of diesel vehicles traveling on I-93 (1-5%) compared to the highways driven in LA (1.3-14%) , and the relatively greater degree of mixing and pollutant transformation within our near-highway neighborhood as compared to the on-highway route (with fresher emissions) studied by Westerdahl et al. (2005) . When we performed the same analysis with data collected in the Central Artery Tunnel, a 2.4-km tunnel running through downtown Boston, we obtained ρ 2 values (data not presented here) generally higher than those in Table 3 , but not as high as those reported by Westerdahl et al. (2005) .
Spatial and temporal variation of PNC
As illustrated in Figure 4 , PN concentrations were highest near I-93 with distance-decay gradients extending up to 100-150 m on the southwest side of the highway and >200 m on the northeast side. A plot of all the data from all the monitoring sessions (Figure 4a) shows that the median PNC in the 0-50 m bin (3.7×10 4 cm −3 ) was 1.5-times higher than in both the 200-450 m bin on the northeast side of I-93 and the 100-150 m bin on the southwest side, and 2.1-times higher than in the 1000-1800 m bin on the southwest side of the highway. The area in this latter bin is characterized by residential streets with relatively little traffic, and is thus considered indicative of urban background pollution levels. In contrast, the area represented by the four bins between 100 and 650 m on the southwest side of I-93 contains more heavily trafficked streets, which likely accounts for the higher PN concentrations.
Figures 4b-4d illustrate the variation in PNC distance-decay gradients as a function of season, day of the week and time of day. PN concentrations were consistently highest in all data bins during the winter, next highest during the spring, and lowest during the summer and fall (Figure 4b ). These trends are attributable to generally higher PNC levels in vehicle exhaust emissions and greater atmospheric stability (less vertical mixing) during colder months (Charron and Harrison, 2003; Hinds, 1999; Jacob, 1999) , and are consistent with seasonal PNC measurements reported elsewhere (e.g., Hussein et al., 2007; Wang et al., 2011) . As shown in Figure 4c , PNC levels were higher on the northeast side of I-93 on weekdays compared to Saturdays and higher on the southwest side on weekends compared to weekdays. This difference likely reflects wind patterns (winds were out of the west ~73% of the monitoring time) and differences in local street traffic on the two sides of the highway (more commercial traffic on the southwest side). The consistently low PN concentrations on Sundays are attributable in part to the study design: relatively few Sunday monitoring sessions were conducted (n=4) and of these only two were conducted after 10:30 when Sunday traffic volume on I-93 was highest (Figure 2) . PNC distance-decay gradients as a function of time of day are shown in Figure 4d . On the northeast side of I-93, PN concentrations were consistently highest during the morning (05:00-09:00) followed by midday (09:00-15:00). Also, despite relatively high levels of highway traffic, PN concentrations on the northeast side of I-93 were lower in the late afternoon (15:00-21:00) likely due to increasing winds, and hence mixing, toward sunset. In contrast, afternoon PN concentrations on the southwest side were higher than at midday and, in some bins, higher than in the morning, likely reflecting local traffic contributions to PNC in the late afternoon. This is consistent with the findings of Hu et al. (2012) who reported that high-emitting vehicles on local streets contributed to elevated PNC throughout the day in a Los Angeles neighborhood near several highways. A comparison of median PN concentrations in Figure  4 indicates that maximum hour-to-hour, day-to-day and season-to-season variations in PNC were of the same magnitude as the maximum spatial contrast in PNC. These results differ from those of Bukowiecki et al. (2003) who found that temporal variation exceeded spatial variation of PNC in a year-long study conducted in and around Zürich (CH).
The box plots in Figure 5 show the relationship between wind direction and wind speed and PNC-distance-decay gradients near I-93. As expected, for winds out of the southwest and northwest, PN concentrations were elevated on the northeast side of I-93 relative to the southwest side, and when winds were out of the northeast the opposite occurred. These observations indicate that when winds are out of the northeast, southwest and northwest, I-93 is the dominant source of PNC to receptor areas immediately downwind of the highway. Interestingly, the highest PN concentrations in all bins were measured when the winds were out of the southeast (Figure 5a ), possibly reflecting contributions from sources to the southeast of the study area. However, southeast winds occurred infrequently (11.6% of the time during the entire year; 7.9% of the monitoring time), which is why in the composite figure (4a) PN concentrations on the southwest side of I-93 are much lower relative to the northeast side. As shown in Figure 5b , PNC was also greatly impacted by wind speed: median PN concentrations in all bins were highest for calm winds (<0.3 m/s) and lowest for wind speeds >1.6 m/s. Winds from the southeast were typically calm, which further explains the high PN concentrations in the study area when winds were from this sector.
It should be noted that the x-axis in Figures 4 and 5 was measured with respect to the edges of I-93 as defined in the MassGIS highways and major roadways data layer. Measurements made in the Shore Drive, Temple Street, and Fellsway (Rte 28) underpasses were excluded from the graphs (PN concentrations in these underpasses were comparable to concentrations measured in the 0-50 m bins). It should also be noted that on-highway PN concentrations (measured in a separate study) were comparable to off-highway levels: based on 33 southbound and 34 northbound traverses of I-93 through the study area between 13 September 2010 and 28 June 2011, the median on-highway PNC (3.7×10 4 cm −3 ) was no different than in the 0-50 m bins, suggesting a high degree of mixing in the immediate vicinity of the highway.
The plots in Figure 6 show the spatial distribution of PNC over the entire study area based on several hours of monitoring on a winter day (January 6, 2010) . Each plot represents one circuit of the mobile lab through the study area or ~1 h of PNC measurements collected at a frequency of 1 s −1 . The plots show that PNC throughout the study area were generally highest in the early morning (06:00-08:00). The late morning decrease is likely due to increasing dilution attributable to higher wind speeds and the lifting of the surface boundary layer after sunrise. These results are consistent with mobile monitoring measurements made in the same area on a comparable January day in 2008 (Durant et al., 2010) . In this previous study PNC on the northeast (downwind) side of I-93 exhibited sharply-defined distancedecay gradients before 08:00 and much less pronounced gradients after 09:00. We observed similar temporal variation in the distance-decay gradients in the 2010 dataset. Taken together, these two studies demonstrate the effects of post-sunrise mixing in reducing nearhighway PN concentrations.
Particle size-distribution measurements
Particle size distribution monitoring was performed on 11 days during the winter and spring. Emphasis was placed on characterizing short-term (i.e., a few hours) changes in size distribution as a function of distance from I-93. Monitoring was performed by parking the mobile lab for ~5 minutes (enough time for two full 135-s scans of the particle size range) at each of several fixed sites along Temple Street (southwest side) and Temple Road (northeast side), a continuous roadway that is roughly orthogonal to I-93. Our results are summarized in Figure 7 , which compares the pre-sunrise (maximum atmospheric stability) and postsunrise particle size distribution along Temple Road on four mornings. The results indicate there were no significant differences in particle size distributions either with distance from I-93 or over time. Particles 6-50 nm in aerodynamic diameter (nuclei mode) dominated the particle size distribution measurements both pre-sunrise and post-sunrise on all four days; nearly 80% of particles in the 6-213 nm size range were <50 nm. Also, the relative number concentrations of 50-213 nm particles did not substantially change with distance from I-93, a finding that is consistent with previous research in the study area (Durant et al., 2010) as well as with other near-highway studies (Hu et al, 2009; Zhu et al., 2006) .
Spatial and temporal variation of other air pollutants
Spatial variation of NO x for all monitoring times as a function of time of day, day of the week and season are shown in Figure 8 ; spatial variation of NO, CO, pPAH, PM 2.5 and BC for all monitoring times are shown in Figure 9 . Figures similar to Figure 8 for NO, CO, pPAH, PM 2.5 and BC appear as Supplemental Figures (S2-S6) . These figures indicate that the spatial and temporal trends of NO x , NO, CO, pPAH and BC were consistent with PNC while those of PM 2.5 were not. As show in Figure 8 , the highest NO x concentrations were measured in the 0-50 m bins on either side of I-93 and the concentrations decayed to background levels within ~200 m. Likewise, NO x levels were highest in winter and lowest in summer and fall, higher on weekdays compared to weekends, and higher during the morning rush hour as compared to later in the day. Also, as was observed for PNC in Figure  5 , relatively high levels of NO x were observed for calm winds (<0.3 m/s) and for winds out of the southeast (results not shown). Similar distance-decay gradients were observed for NO, CO, pPAH, and BC (Figure 9(a-d) ). The increased levels of NO and CO in the 200-350-m and 350-650-m bins on the southwest side of I-93 relative to bins closer to the highway likely reflects the influence of fresh emissions from local street traffic. In contrast, the distance-decay gradients for PM 2.5 (Figure 9 (e)) were relatively flat, consistent with PM 2.5 deriving from regional sources. These results suggest that with the exception of PM 2.5 the other pollutants are elevated in concentration near I-93 and they are influenced by the same meteorological forcings that impact the distribution of PNC near the highway. PM 2.5 levels were also elevated during spring and summer relative to winter, consistent with secondary aerosol growth ( Figure S6 ).
Significance
The data we collected during the mobile monitoring campaign allow us to characterize traffic-related air pollution in the study area and provide insight into the main factors that affect the spatial and temporal variation of pollutant levels. Our results are consistent with the findings of previous studies that have used mobile monitoring to characterize the nearroadway environment (Bukowiecki et al., 2003; Hu et al., 2012; Jiang et al., 2005; Larson et al., 2009; Pirjola et al., 2006; Westerdahl et al., 2005; Zwack et al., 2011) . These studies highlight the importance of collecting finely-resolved spatial and temporal data for a broad suite of pollutants and environmental factors. Our study adds to this body of knowledge by demonstrating the utility of a year-long mobile monitoring campaign for characterizing daily, weekly and seasonal variations in the spatial distribution of traffic-related air pollutants within ~1 km of an urban highway.
One limitation of our study has to with self-sampling. To avoid inclusion of self-sampling in our dataset, we removed 14% of the measurements. Of these, the majority represented times when the TAPL was stopped at traffic lights and stop signs in commercial areas. Our decision rules for removing self-sampling and the amount of data we removed are consistent with previous studies involving fossil-fuel-powered mobile monitoring platforms. For example, Bukowiecki et al. (2002) reported <5% self-sampling while monitoring with a diesel-powered mobile lab in urban, suburban and rural areas around Zürich, and Jiang et al. (2005) reported 40% self-sampling while monitoring with a gasoline-powered lab in Mexico City. Looking more closely at our data, when we recreated Figures 4 and 5 without removing any of the self-sampling measurements, there was no significant difference in median PNC values or the inter-quartile ratios. This indicates that removal of self-sampling did not bias our results, and therefore, does not impact our overall conclusions.
Another limitation of our approach was the potential bias in the monitoring schedule. Specifically, it was challenging to develop a representative characterization of air pollution given the range and possible combinations of traffic and meteorological conditions for our monitoring area and the period of our study. For example, air pollution levels during wet weather are underrepresented in our dataset. A solution to this is to use a hybrid approach in which data from a stationary site(s) -preferably one within or as near to the study area as possible is used to inform critical temporal gaps in the mobile monitoring dataset.
Conclusions
This study demonstrates the utility of a mobile monitoring platform for characterizing finescale spatial and temporal variations of traffic-related air pollution in a near-highway urban neighborhood. By monitoring on 55 days throughout a 1-y period we were able to measure hour-to-hour, day-to-day, and season-to-season variation in air pollution levels. We observed substantial variation in the levels of fresh combustion emissions -PNC, NO, pPAH, and CO, with the extent of variation depending on time of day and meteorological conditions. In general, traffic-related air pollutant levels were highest in the morning compared to later in the day, higher on weekdays and Saturdays than Sundays, and highest in winter compared to the other three seasons. While the highway was a substantial contributor of pollution to the neighborhood, it is clear that high-emitting vehicle traffic on local streets is also an important source of pollutants. This dataset could be useful for developing a predictive air pollution model for use in exposure assessment.
Highlights
• mobile monitoring was performed on 55 days throughout one year
• hourly, daily, and seasonal variations were observed
• distance-decay gradients were highly dependent on traffic and meteorology
• annual median PNC 0-50 m from the highway was two-fold higher than background
• temporal variations in PNC were similar to spatial variations Map of mobile-monitoring area in east Somerville. Traffic volumes on the monitoring route streets were as follows: Mystic Ave. ~30,000 vpd; Broadway Ave. between Medford St. and Rt. 28 ~8,000 vpd and east of Rt. 28 ~14,000 vpd; Rt. 28 south of I-93 ~ 39,000 vpd and north of I-93 ~60,000 vpd; all local roads <3,000 vpd (CTPS, 2012) . Note: the railroad spurs on the west side of the commuter line just south of the Mystic River are no longer in use. Box plots of 1-second PNC measurements as a function of distance from I-93 stratified by (a) wind direction and (b) wind speed. The italicized numbers in the legend represent the fraction of monitoring hours that the wind was from the indicated direction. The data in these plots represents 44 days of mobile monitoring. All distances are measured from the nearest edge of I-93; wind speeds were calculated based on u 35 using a powerlaw function (see section 2.2). Pre-and post-sunrise particle size distribution measurements for four days in 2010. Box plots of (a) NO, (b) CO, (c) pPAH, (d) BC and (e) PM 2.5 measurements as a function of distance from I-93 for all monitoring times. The data in these plots represents 37 days of mobile monitoring for NO, 39 days for CO, 38 days for pPAH, 10 days for BC, and 19 days for PM 2.5 . All distances are measured from the nearest edge of I-93. Table 1 Mobile monitoring times and dates (September 10, 2009 August 26, 2010 . Table 2 Air pollution monitoring equipment in the Tufts Air Pollution Monitoring Laboratory. Table 3 Spearman correlation ρ 2 for 120-s-averaged pollutant concentrations measured on June 9, 2010. Atmos Environ. Author manuscript; available in PMC 2013 December 01.
